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WHAT THIS PAPER ADDS
 Paraplegia, after thoraco-abodominal aortic aneurysm repair, is a devastating complication, attributed to motor neuron loss and
dysfunction due to spinal cord ischaemia. Although ischaemic preconditioning (IPC) of spinal cord has long been studied, the
precise underlying mechanism is still unclear. In the present study, we demonstrated that heat shock protein 70 (Hsp70) may have
an essential role in early IPC. Such knowledge could theoretically lead to the development of well-directed synthetic drugs that
could interfere in a favourable manner in speciﬁc cellular processes and provide better protection during and after spinal cord
ischaemia.a r t i c l e i n f o
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Objective(s): Heat shock protein 70 (Hsp70) is detected in substantial amounts in normal neurons and
this basal content may protect a cell against harmful conditions without the need for additional
synthesis. Herein, we investigate the potential protective role of these basal levels of Hsp70, in an early
ischaemic preconditioning (IPC) experimental model, suggesting a possible role of this protein as a ﬁrst
window of protection.
Design, material and methods: Forty-two pigs were used in an experimental thoraco-abdominal aortic
occlusion model. Twelve animals (two groups) were used for neurological evaluation. The remaining 30
animals (ﬁve groups) were used for immunoprecipitation and immunohistochemical studies. These were
performed to study the binding relationship of Hsp70/cytoskeleton elements and the cellular distribu-
tion of Hsp70, respectively.
Results: The IPC þ ischaemia-group showed signiﬁcant better neurologic scores compared with those of
the ischaemia group, indicating a protective role for IPC (P ¼ 0.003). The immunoprecipitations
demonstrated that early IPC increased signiﬁcantly the binding proﬁle of Hsp70/neuroﬁlaments
(P ¼ 0.025). In addition, translocation of Hsp70 into the nucleus was observed, which was conserved
until the sustained ischaemia.
Conclusions: These results indicate that Hsp70 may have an important role in early IPC of the spinal cord,
by protecting neuroﬁlaments and by ensuring the functionality and the integrity of the nucleus, at the
time the intensive insult begins.
 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.x: +30 26 5103 3379.
: +30 2651 007863.
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ciety for Vascular Surgery. PublishParaplegia remains a dreaded and devastating complication after
thoracicaortic surgery. Reﬁnements insurgical techniquesandtheuse
of a variety of adjunctive measures for spinal cord protection de-
creased but did not eliminate the risk of spinal cord ischaemia (SCI).1ed by Elsevier Ltd. All rights reserved.
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whereby brief episodes of non-injurious ischaemia render a tissue
resistant to a subsequent potentially lethal ischaemic injury.2 IPC
was found to be remarkably reproducible and has been described in
many organs and experimental models.2 In our previous publica-
tion, we have described this protective phenomenon in the spinal
cord of a porcine model.3 Although IPC has been initially described
as a response to ischaemia, it soon became apparent that a similar
phenotype can be also elicited by other stimuli, some of which are
clinically relevant such as pharmacological agents.
Heat shock protein 70 (Hsp70) has been demonstrated to be the
most inducible and abundant of all such proteins.4 The fact that
Hsp70 is highly conserved among species coupled with its impor-
tance in cell survival, suggests that this protein is critical for both
normal cellular function and survival after a stress. Focussing on
these data, many IPC animal studies have associated ischaemic
spinal cord protection with increased levels of Hsp70 in the spinal
cord, suggesting a role of the protein in the so-called ‘second
windowof protection’.5 However, the presence of Hsp70 in neurons
is not restricted to conditions of injury or to a slowly developing
phenomenon such as late IPC, but it can be also detected in
substantial amounts in normal neurons. There are data indicatingTable 1
Groups for clinical evaluation (A, B) and biological measurements (1e
Tarlov Score
Group A
45 min0
Group B
0 45 min80 min20 min
Tarlov Score
20min0
Group 2
80 min20min0
Group 3
Group 1 Perfusion
0
100 min
20 min
15 min45 min0
Group 4
0 20 min 45 min80 min 15 min
Group 5that the basal content of Hsp70 can protect a cell against harmful
conditions without the need for additional synthesis of the
protein.6 Herein, we investigate the possible protective role of these
basal levels of Hsp70 against SCI in an early IPC experimental
model, suggesting a possible role of this protein in the ‘ﬁrst window
of protection’. Although late IPC involves the de novo synthesis of
proteins, early IPC is caused by a rapid post-translational modiﬁ-
cation of pre-existing proteins.
To our knowledge, this is the ﬁrst study investigating the
possible modiﬁcations in Hsp70 distribution and its relationship
status with cytoskeleton elements, in the setting of early IPC of the
spinal cord.
Materials and Methods
A total of 42 pigs weighing 27e32 kg were used in this study.
Twelve animals were used in experiments for the overall neuro-
logical evaluation of the IPC phenomenon and were randomly
assigned to one of two groups (n ¼ 6/group, Table 1): (group A)
Descending thoracic aorta (DTA) occlusion for 45 min, reperfusion
and (group B) DTA occlusion for 20 min, reperfusion for 80 min,
DTA occlusion for 45 min and reperfusion. All these animals were5). Blue arrow: Sacriﬁce and spinal cord tissue samples.
Sublethal ischemia (20 min)
Sustained ischemia (45 min)
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evaluated at 24, 48 and 120 h. Thirty more animals were used in
experiments for biological measurements to study the possible
role/mechanisms of Hsp70 in IPC. These animals were not followed
clinically because they were euthanised at various time points of
the experiment. They were randomly assigned to one of ﬁve groups
(n ¼ 6/group, Table 1): group 1 e sham group (three animals were
sacriﬁced after 20 min of reperfusion and were used as controls for
group 2, while the remaining three animals were sacriﬁced after
100 min of reperfusion and were used as controls for group 3),
group 2 e DTA occlusion for 20 min and euthanised immediately
after the end of the ischaemic insult, group 3 e DTA occlusion for
20 min and euthanised after 80 min of reperfusion, group 4 e DTA
occlusion for 45 min and euthanised after 15 min of reperfusion
and group 5 e DTA occlusion for 20 min, reperfusion for 80 min,
DTA occlusion for 45 min and euthanised after 15 min of reperfu-
sion. Groups 1 and 4 were used as controls for groups 2, 3 and 5,
respectively. Groups 2 and 3 were used for the study of the role of
Hsp70 in IPC; thus the animals were sacriﬁced at the initiation
(group 2) and at the end (group 3) of IPC. Groups 4 and 5 were used
to observe the level/distribution of Hsp70 after the sustained
ischaemia and after the IPC þ sustained ischaemia, respectively.
The latter animals were euthanised after 15 min of reperfusion,
when the perfusion was fully restored. All animals received
humane care in compliance with the ‘Guide for the Care and Use of
Laboratory Animals’ published by the National Institutes of Health
5377-3, (Washington: National Academy Press, 1996), and the
animal protocol was approved by the Animal Care and Use
Committee of the Prefecture of Ioannina, Greece.
All animals received general anaesthesia. Continuous moni-
toring of the proximal and distal systolic arterial pressure as well as
pulmonary arterial blood pressure was done. Systolic blood pres-
sure was maintained above 100 mmHg. Rectal temperature was
continuously monitored and maintained between 35.8 and 36.7 C
using awarming blanket. The surgical procedurewas accomplished
as described in our previous study.3 Twenty-four, 48 and 120 h after
the end of the experiment the animals of groups A and B were
evaluated by two independent blinded observers according to the
Tarlov scoring system (Table 2).7 The animals of the ﬁve groups that
were used for biological measurements were sacriﬁced with an
overdose injection of sodium pentobarbital. The spinal cord
(Th12eL4) was then quickly removed and transversely cut into
three similar sections that were numerically labelled starting from
the thoracic part of spinal cord section.
We performed immunohistochemical studies to investigate
possible translocation of Hsp70 in the various groups. Spinal cord
tissue samples were transversely cut in 4-mm-thick sections and
mounted on glass slides. The slides were processed using an
autostainer (Dako, Carpinteria, CA, USA) according to the instruc-
tions of manufacturer. The primary antibody was a mouse mono-
clonal anti-Hsp70 antibody (SPA-810; Sressgen Biotechnology Inc.)
and its dilution was at 1:100.
To investigate speciﬁc bindings of Hsp70 with actin and neu-
roﬁlament (NF), immunoprecipitation (IP) studies were performed.Table 2
Tarlov scores of animals in groups A (ischaemia group) and B (IPC þ ischemia group) at
Tarlov scoring Group A
24 h
Score 0:Spastic paraplegia and no movement of the lower limbs 2
Score 1: Spastic paraplegia and slight movement of the lower limbs 3
Score 2: Good movement of the lower limbs but unable to stand 1
Score 3: Able to stand but unable to walk normally e
Score 4: Complete recovery and normal gait/hopping eThe whole cell extracts (WEs) were prepared after homogenisation
of tissue samples. Some samples were stored at 80 C as WE
samples, while the remaining underwent the IP procedure as
previously has been reported.8 The primary antibody was a mouse
monoclonal anti-Hsp70 antibody (SPA-810; Sressgen Biotech-
nology Inc.).
To investigate changes in the binding proﬁles of Hsp70 with
actin and NF, we performedWestern blot (WB) analysis. IP samples
and WE samples (n ¼ 6 for each group), were not pooled and were
subjected to Western blotting (WB) analysis as previously
reported.9
The membranes were incubated overnight with primary anti-
bodies which were as follows: mouse monoclonal anti-a-tubulin
antibody (T5168, SigmaeAldrich Biotechnology Inc.) at 1:5000
dilution for loading control of the samples, anti-Hsp70 antibody
(SPA-810; Sressgen Biotechnology Inc.) at 1:5000 dilution, mouse
monoclonal anti-NF antibody (MAB1615; Chemicon International
Inc.) at 1:4000 dilution and rabbit polyclonal anti-actin antibody (A
2066; SigmaeAldrich Biotechnology Inc.) at 1:5000 dilution. The
secondary antibodies used were: anti-mouse IgG Peroxidase
conjugated (Pierce, 31430) and anti-rabbit IgG peroxidase conju-
gated (Pierce, 31460) at 1:5000 dilution. The images of WB studies
were quantiﬁed using the Quantity One 1-D image analysis soft-
ware, version 4.6.7 (Bio-Rad Laboratories, Inc.).
The ManneWhitney U test was used to compare the neurolog-
ical scores between the groups A and B, while the Wilcoxon test
was used to compare the neurological scores within a group at 24
and 120 h. Quantitative analysis of the optical intensity of Western
blots (six for each group) was analysed by analysis of variance
(ANOVA). If overall ANOVA was signiﬁcant for a speciﬁc variable,
Bonferroni multi-comparison analysis was used to test the signiﬁ-
cance among the groups. For comparing the data between two
groups, the independent-samples t-test was used. All data
mentioned above were also conﬁrmed with non-parametric
statistical analysis. Probability value less than 0.05 was consid-
ered statistically signiﬁcant (Statistical Package for Social Sciences,
SPSS Version 15.0, Chicago, IL, USA).
The Michaelidion Cardiac Center that has funded the present
study did not participate in data interpretation.
Results
The animals did not differ with respect to blood gas analysis.
There were no signiﬁcant differences among groups (A, B, 2, 3, 4
and 5) with regard to systolic arterial pressure (proximal and
distal), rectal temperature and heart rate at baseline, during
descending thoracic aorta occlusion (DTAO), during reperfusion
and during follow-up (groups A and B).
The clinical and neurologic evaluation of the IPC phenomenon
was performed in groups A and B (group A was used as the control
for group B). These animals were followed clinically for 5 days and
their neurological status was evaluated at 24, 48 and 120 h
(Table 2). The results are summarised in Table 3 and show that
animals in group B (IPC þ ischaemia group) had signiﬁcantly24, 48 and 120 h.
(n of animals) Group B (n of animals)
48 h 120 h 24 h 48 h 120 h
2 4 e e
4 2 e
e e e e
e e 1 2 3
e e 5 4 3
Table 3
Statistical analysis of Tarlov scores at 24, 48 and 120 h for groups A (ischemia group)
and B (IPC þ ischemia group). Data are expressed as mean  SD.
24 H 48 H 120 H
Group A 0.83  0.753 0.67  0.516 0.33  0.516
Group B 3.83  0.408 3.67  0.516 3.50  0.548
P value 0.003 0.003 0.003
Figure 1. A. WE samples Western blotting for Hsp70. Representative WB showed that
there is no increase in Hsp70 among groups (A). Immunoprecipitations Western
blotting for NF (B) and actin (C). WB for all groups showed that Hsp70 associates with
cytoskeleton proteins (B1, C1) and that in group 3 Hsp70 binds enhanced amount of NF
compared with group1 (B1). In all groups there was the same amount of Hsp70 (B2,
C2). In the samples labelled as B the spinal cord tissue samples are incubated with G-
protein without anti-Hsp70. In B samples there were no detectable amounts of Hsp70,
NF or actin, indicating that the binding of Hsp70 with cytoskeleton proteins is speciﬁc.
HeLa: Human whole cell extract, WE: Whole cell extracts of tissue samples, Hsp70:
Heat shock protein 70, Anti-Hsp70: Antibody for Hsp70, WB: Western blots,
NF:Neuroﬁlament, IP: Immunoprecipitation, B (Beads): G-protein, IPC: Ischemic
preconditioning.
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A (ischaemia group). Interpreting the results, at 24 h, spastic
paraplegia with no or slight movement of the lower limbs was
observed in 84% of animals in group A (Tarlov scores 0 and 1),
whereas an equivalent percent of animals in group B had no
neurologic deﬁcits (Tarlov score 4). At 120 h, all animals of group A
were paraplegic with no or slight movement of the lower limbs. At
the same time point (120 h), 50% of animals in group B had normal
neurologic function, while the remaining animals were able to
stand but unable to walk normally. In both groups, an aggravation
of the Tarlov scores was seen after comparing the results at 24 and
120 h, but this was not statistically signiﬁcant (P ¼ 0.083 and
P ¼ 0.157 respectively).
For WB analysis, WEs were initially used for their Hsp70
concentration, while the concentration of a-tubulin was used as
a protein loading control in the same Western blotting (Fig. 1(A)).
As we presumed, there were no differences in the amount of Hsp70
among the samples (Fig. 1(A)) as there is no induction of proteins
(Hsp70) in early IPC. Because the concentration of Hsp70 does not
change in the tested protein samples, Hsp70 was used as a loading
control in the IP samples (Fig. 1B/C2). Then, using speciﬁc anti-
bodies against NF and actin, bindings between Hsp70 and NF
(Fig. 1(B)) and Hsp70 and actin (Fig. 1(C)) were identiﬁed. For NF,
a slight band was detected in the sham group; the band was
enhanced in group 2, while at the end of IPC (group 3) it was
strongly enhanced. In groups 4 and 5 an equal band of NF was
detected. It seems that Hsp70 binds to NF and binds enhanced
amounts of NF in groups 2 and 3 compared with sham. For actin,
a band was detected in all samples, meaning that Hsp70 binds to
actin. These bands had slightly differences among samples, indi-
cating that Hsp70 binds approximately the same amounts of actin
in all groups. With quantitative analysis, we found that IPC
increases signiﬁcantly the binding of Hsp70 with NF compared
with sham (P¼ 0.025), while the slight increase seen in the binding
of actin was not statistical signiﬁcant (P ¼ 0.721, Fig. 2). The
differences tracked in group 2 versus sham, and between groups 4
and 5 for NF and actin, were not statistically signiﬁcant.
Immunohistochemical studies showed that Hsp70 was detect-
able in the cytoplasm of motor neurons in the sham group, whereas
no immunoreactivity was observed in nuclei (Fig. 3(A)). Immedi-
ately after the sub-lethal ischaemic injury of 20 min (group 2) (data
not shown), and at the end of IPC (group 3), Hsp70 was detectable
in both cytoplasm and nuclei (Fig. 3(B)). In animals that were put in
prolonged ischaemia of 45 min, after 15 min of reperfusion (group
4), immunoreactivity was observed in nuclei and cytoplasm
(Fig. 3(C)), whereas when preceded by IPC (group 5), it was limited
only in the cytoplasm (Fig. 3(D)).Discussion
Motor neuron loss and dysfunction caused by spinal cord
ischaemia after a successful operation of thoracic aorta is a disas-
trous complication in human subjects, and the reported incidence
of paraplegia after such operations remains high ranging from 2% to
21%.10It is well known that ischaemia causes extensive cytoskeleton
damage when a critical threshold is exceeded. Since cytoskeleton
proteins are potential targets for damage during ischaemia, Hsp70
might bind to these sites, while IPC may inﬂuence the binding
proﬁle of these proteins in a favourable manner. Although the
relationship of Hsp70 with microtubules and the centrosome has
long been studied in stressed and unstressed conditions,11 the exact
relationship of Hsp70 with actin and IF under stressed conditions is
yet unclear.
In this study, we demonstrated that Hsp70 binds to actin ﬁla-
ments in stressed and unstressed conditions. The most convincing
set of evidence for the association of Hsp70with actinwas found by
Margulis and Welsh.12 It has been also proposed that Hsp70 may
stabilise actin ﬁlaments13 while others suggest that such a close
relationship between the two proteins reﬂects a cross-linker role
for Hsp70 facilitating protein folding.14 Although the binding rela-
tionship of the two proteins seems to be clear, we failed to
Figure 2. Relative optical intensity of WB. A, B (Groups 1,2,3): Quantitative analysis
showed that IPC increased signiﬁcantly the binding proﬁle of Hsp70 with NF (A), and
although there was also an increase in the binding of Hsp70 with actin, this was not
statistical signiﬁcant (B). *P < 0.05 compared with the sham group. WB: Western blots,
IPC: Ischemic preconditioning, Hsp70: Heat shock protein 70, NF: Neuroﬁlament.
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stressed and control groups. IPC did not inﬂuence the quantitative
relationship of the two proteins, suggesting either that such
a modiﬁcation does not participate in early IPC or that Hsp70 may
not participate strongly enough in the protection of actin ﬁlaments
under stressed conditions. Although there were differences in actin
bands (Fig. 1(C)) from visual inspection, these were not signiﬁcant
(Fig. 2(B)). The number of six animals/group which is used in our
experimental protocol is safe to draw reliable conclusions.
However, due to the nature of the biological experiments and the
fact that in experimental models the number of animals which is
used is restricted, one could assume that the number of six animals/
group is small to show signiﬁcant differences in actin bands. Even
in this case, studies which are based on multiple cell lines are in
accordance with our results, suggesting that other Hsps may have
a protective role on actin ﬁlaments under stress conditions.11
NFs are type-IV intermediate ﬁlaments (IFs) and constitute the
major ﬁlamentous network of the neuronal cytoskeleton. Herein
we demonstrated that Hsp70 binds to NF in all groups and that
early IPC modiﬁed the binding proﬁle of these proteins by
increasing signiﬁcantly the amount of NF that binds to Hsp70
immediately before the sustained ischaemia. The binding rela-
tionship of the proteins probably reﬂects that Hsp70 contributes tothe proper function and assembly of the NF both in control and
stressed environments. However, the modiﬁcation of the binding
relationship after IPC might suggest one more protective role of
Hsp70 on NF.
Experiments in colonic cell lines have also associated Hsp70
with IF by co-IP.15 In these after induction of Hsp70with heat stress,
the amount of Hsp70 that bound the IF increased 2.5-fold, sug-
gesting a protective role of Hsp70 on IF. In our experimental model
of early IPC, without any induction of Hsp70, the increase in the
amount of NF that binds to Hsp70 may also reﬂect a protective role
of Hsp70 in a different way. Such a protective role seems to have
dual goal as NF functions expand in survival and functional level.16
Hence, a potential protective role of Hsp70 on NF could partly
preserve neuron function and survival during the sustained
ischaemia period that follows early IPC.
Our experiments showed no difference regarding the binding
proﬁle of Hsp70/NF between groups 4 and 5. This could be
explained by the fact that the total binding sites of Hsp70 for NF are
standard; thus the total number of NFs that can be bound on Hsp70
in both cases is the same. However, as regards these two stress
groups, the importance of our ﬁndings focusses on the time that
these bindings occurred and not on the total number of NFs that
was bound on Hsp70. In the IPC group (group 5), the binding has
started before the sustained ischaemia and in that way Hsp70 could
be protective for NF before and during the intensive insult, whereas
in the ischaemia group (group 4) the binding started after the
sustained ischaemia.
The cellular distribution of Hsp70 was also studied in the
various groups using immunohistochemical studies. Whereas in
sham group Hsp70was detectable only in the cytoplasm, in group 2
(immediately after the sub-lethal insult) and 3 (at the end of IPC),
Hsp70 was also detectable in nucleus. As there was no induction of
Hsp70, such immunoreactivity in the nucleus might be attributed
to translocation of Hsp70 from the cytoplasm to the nucleus.
Translocation of Hsp70 in the nucleus has also been observed in the
myocardium after brief episodes of ischaemia.17 However, more
signiﬁcant than translocation per se may be the conservation of
such a distribution until the intensive insult. Indeed, Hsp70
remained in the nucleus until the end of IPC and the setting of the
sustained ischaemia. Thus, when the protected group 5 (15 min
after the IPC þ 45 min ischaemia) sustained the intensive insult,
Hsp70 was already in the nucleus. On the contrary, in group 4
(15 min after the sustained ischaemia) where there was no IPC
protection, Hsp70 translocated to the nucleus after the sustained
ischaemia. It seems that IPC induced the translocation of Hsp70 to
the nucleus, having the favourable distribution before the intensive
insult. The presence of Hsp70 in the nucleus suggests a speciﬁc and
unique role of Hsp70 in the repair and protection of this cellular
structure. Ischaemia leads to DNA lesions such as oxidative base
modiﬁcations and strand breaks. It has been suggested that Hsp70
protects from single-strand DNA breaks18 and participates in
nucleotide excision repair.19 Thus, such a favourable distribution
while the neuron is going to sustain an intensive ischaemic insult
may have a critical role for its survival. However, experiments in
which nuclear localisation of Hsp70 is inﬂuenced by mutating its
nuclear localisation signal could further illuminate the nuclear role
of Hsp70.
In immunohistochemical samples of group 5 (15 min after the
IPC þ 45 min ischaemia), Hsp70 was again observed only in the
cytoplasm. Others have also described an accumulation of Hsp70
back in the cytoplasm after the end of the stress stimulus.20 The
same authors have further observed that Hsp70 accumulates in the
perinuclear region, along the perimeter of the cell, and in associa-
tion with large cytosolic phase-dense structures. In this phase,
Hsp70 may participate in cytoplasmic reorganisation, suggesting
Figure 3. Hsp70 translocation. In normal spinal cord Hsp70 is detectable in cytoplasm of motor neurons (A). In group 3 (B) Hsp70 is detectable in cytoplasm and in the nucleus. In
group 4, Hsp70 is detectable in cytoplasm and in the nucleus (C) whereas when IPC comes before, Hsp70 is mainly detectable in cytoplasm (D). Hsp70: Heat shock protein70, IPC:
Ischemic preconditioning.
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process.
Over the past two decades, we have learned in detail about the
signalling pathways involved in preconditioning. However, the
precise mechanism by which these pathways reduce cell death is
only beginning to be understood. IPC per se has many practical
issues, and its implementation before clamping in patients under-
going DTAO would be very difﬁcult. As others,21 we believe that its
importance focusses mainly on the identiﬁcation of its possible
protective mechanisms, as many mediators and end-effectors
participating in these have a potential as pharmacological agents.
In this point of view, the clinical impact of our ﬁndings might have
a role on the development of well-directed drugs that could
interfere in a favourable manner in cellular processes and provide
better protection from spinal cord ischaemia in patients under-
going DTAO.
A recent clinical study proposes that Hsp70 is a biomarker that
can detect acute spinal cord ischaemia during thoraco-abdominal
aortic aneurysm resection, indicating a major role of this protein
in the pathophysiology of human spinal cord ischaemia.22,23 In
addition, it has been suggested that the beneﬁcial effects of various
drugs in spinal cord ischaemia are due to modulation of Hsps.4 In
our early IPCmodel, although therewas no change in the amount of
Hsp70, we observed a dynamic modiﬁcation in the binding rela-
tionship of Hsp70 and NF and translocation of Hsp70 in the nucleus
before the sustained ischaemia. This translocation during early IPC
seems to protect the functionality and integrity of nucleus during
the sustained ischaemia. Herein, we suggest a potential protective
role of Hsp70 on NF and nucleus of spinal cord neurons until the
intensive insult, in the line of IPC. A drug-directed enhancement of
this speciﬁc role of Hsp70 on nucleus and NFs could possibly be
protective for patients undergoing thoraco-abdominal aortic
occlusion when given before the sustained ischaemia. However,
further research in both ﬁelds is necessary to draw deﬁnite
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